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Abstract
The stability of the lithospheric mantle beneath the ancient cratonic cores of
continents is primarily a function of chemical modification during the pro-
cess of melt extraction. Processes by which stable continental lithosphere
may be destabilized are not well-understood, although destabilization by
thickening and removal of negatively-buoyant lithospheric mantle in “delam-
ination” events has been proposed in a number of tectonic settings. In this
paper we explore an alternative process for destabilizing continents, namely,
thermal and chemical modification during infiltration of metasomatic fluids
and melts into the lithospheric column. We consider observations pertinent
to the structure and evolution of the Colorado Plateau within the western
United States to argue that the physical and chemical state of the margins of
the plateau have been variably modified and destabilized by interaction with
melts. In the melt-infiltration process explored here, the primary mechanism
for weakening and rejuvenating the plate is through thermal effects and the
feedback between deformation and melt-infiltration. We speculate on the na-
ture and geometry of a melt-modulated interaction zone between lithosphere
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and asthenosphere and the seismically-observable consequences of variable
melt-infiltration into the margins of regions of thick, stable lithosphere such
as the Colorado Plateau and the Archean Wyoming Province within North
America.
Keywords: melt-infiltration, cratons, Colorado Plateau, rejuvenation
1. Introduction1
It has long been recognized that the sub-continental lithospheric mantle2
plays an important role in stabilizing tectonic plates against disruption. The3
stability of the lithospheric mantle beneath continents is primarily a function4
of its thermal structure and buoyancy modification by melt extraction (Lee5
et al., 2001; Lenardic et al., 2003). It is also widely recognized that stable6
continental lithosphere may be destabilized by a disruption of its buoyancy7
and thermal structure, for example, associated with thickening and removal8
of dense lithospheric mantle in “delamination” events (Elkins-Tanton, 2005;9
Molnar and Jones, 2004) as suggested in the Sierra Nevada (Zandt and Car-10
rigan, 1993) and elsewhere in the western US (West et al., 2009; Schmandt11
and Humphreys, 2010; Levander et al., 2011). We explore an alternative pro-12
cess by which stable tectonic regions may be destabilized, namely, thermal13
and chemical modification during infiltration of melts into the lithospheric14
column. The potential importance of this “rejuvenation” process has been15
described in several peridotite massifs (Bodinier et al., 2008; Leroux et al.,16
2008; Soustelle et al., 2009; Marchesi et al., 2010) as the migration of a17
“refertilization” front that is driven by chemical and physical disequilibrium18
between infiltrating fluids and the surrounding lithosphere. In this work, we19
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use the terms refertilization and rejuvenation, with emphasis on the chemical20
and mechanical implications, respectively, and will explore the regional-scale21
geodynamic factors that control the process. Unless otherwise specified, we22
use the term lithosphere to signify the thermal boundary layer, although23
we will occasionally specify the compositionally-distinct chemical boundary24
layer when discussing xenolith data (Fischer et al., 2010).25
This work is motivated by observations pertinent to the structure and26
Cenozoic evolution of the Colorado Plateau that suggest rejuvenation by27
interaction with melts. First, the Colorado Plateau has been minimally af-28
fected by deformation and magmatism during Cenozoic time, but there is ev-29
idence for active deformation at its margins (Figure 1; Berglund et al. (2012);30
Kreemer et al. (2010)). The internal strength of the Colorado Plateau has31
been attributed to a greater degree of iron-depletion, evidenced by mantle32
xenoliths with iron-magnesium ratios that are similar to those in Archean33
cratons and are distinct from those in surrounding regions (Alibert, 1990;34
Smith, 2000; Lee et al., 2001; Roy et al., 2009). The margins of the plateau35
however show evidence for Cenozoic deformation and have been affected by36
a slow encroachment of magmatic activity toward the plateau-interior since37
40 Ma (Roy et al., 2009; Wenrich et al., 1995). Seismic observations reveal38
slower wave speeds in the mantle at the margins of the plateau (Schmandt39
and Humphreys, 2010; Humphreys and Dueker, 1994; Goes and van der Lee,40
2002; Gao et al., 2004; Sine et al., 2008; Li et al., 2007; Tian et al., 2009) and41
higher Vp/Vs ratios at the margins relative to the plateau interior (Schmandt42
and Humphreys, 2010). Average surface heat flow for the margins of the43
plateau are comparable to values in the Basin and Range province (85-10244
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mW/m2), whereas average surface heat flow in the interior is lower (55-6945
mW/m2; Eggleston and Reiter, 1984; Swanberg and Morgan, 1985).46
Higher seismic wavespeeds and lower heat flow in the interior of the Col-47
orado Plateau, together with the composition and thermobarometry of xeno-48
liths entrained in Cenozoic volcanics, indicate thick thermal and chemical49
lithosphere (Smith, 2000; Lee et al., 2001; Roy et al., 2009). Lower seismic50
wavespeeds, higher heat flow, and greater magmatism and seismicity at the51
margins of the plateau relative to the interior suggest that the lithosphere52
beneath the margins of the plateau is distinct from that of the interior.53
Sharp lateral gradients in seismic wavespeeds between the NW plateau mar-54
gin (Utah Transition Zone) and the interior of the plateau (Schmandt and55
Humphreys, 2010; Gao et al., 2004; Sine et al., 2008; Li et al., 2007) have56
prompted the suggestion that the margins of the plateau have been me-57
chanically thinned or removed (e.g., Schmandt and Humphreys, 2010; van58
Wijk et al., 2010; Levander et al., 2011). We argue that these observations,59
together with rock uplift and stratigraphic data, are also consistent with60
thermal and chemical modification by melt-infiltration at the margins of the61
plateau (Figure 1). Mechanical erosion or thinning and removal could be62
part of this modification, but we focus on the thermo-chemical aspects of63
melt-infiltration as an end-member on a spectrum of processes.64
Specifically, we propose a process that is controlled by interactions at the65
lithosphere-asthenosphere boundary as North America moves with respect to66
the underlying asthenosphere. The removal of the subducted Farallon plate67
from beneath North America in middle-Tertiary time provides an important68
physical perturbation to the lithosphere-asthenosphere system (Humphreys69
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et al., 2003), that essentially triggers the melt-infiltration process explored70
here. We present two lines of evidence for melt-infiltration as a driving mech-71
anism for lithospheric rejuvenation and destabilization at the margins of re-72
gions of thick lithosphere. First, a simple numerical formulation of two-phase73
flow shows that melts and metasomatic fluids would preferentially infiltrate74
and thus modify regions with a gradient in plate thickness, for example at the75
margins of regions of thick lithosphere. We predict that infiltration of melt76
into the margins of regions of thick lithosphere is asymmetric, with enhanced77
infiltration at the “upwind” margins of the protrusion, with limited to no in-78
filtration at the “downwind” side. This explains first-order patterns in the79
rates and asymmetry of magmatic encroachment at the Colorado Plateau.80
Second, based on experimental observations described below, we infer that81
the regions of greatest melt infiltration are likely to be regions of enhanced82
viscosity reduction and strain concentration. In the models presented here,83
we do not explicitly include coupling of deformation and fluid segregation and84
organization, but instead present heuristic arguments for the importance of85
this stress-driven feedback based on numerical and laboratory experiments.86
Finally, we speculate about the general importance of the melt-infiltration87
process explored here and its role in the regional evolution of the western88
US.89
2. Stress-driven melt-segregation and melt-infiltration90
The dynamic organization of melt during deformation is an area of active91
field, laboratory and theoretical research. In this work we make a distinction92
between stress-driven melt-segregation (SDS), which is the re-distribution93
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of melt at the grain-scale during deformation of a molten aggregate, and94
the large-scale motion of melt relative to the surrounding rock, which we95
refer to as melt infiltration and extraction. The characteristic length scale96
for distinguishing these processes of melt-rock interaction is the compaction97
length, δc, which depends on the solid and fluid viscosities and the perme-98
ability, δc =
√
κ(ζ + 4/3η)/µ. For typical viscosity contrasts between melt99
and the solid (e.g., melt shear viscosity µ = 1 Pa s, and surrounding rock100
bulk and shear viscosity of ζ and η = 1021 to 1024 Pa s; see parameters in101
Table 1), and reasonable rock permeabilities (κ = 10−15 to 10−12 m2), the102
compaction length scale for the upper mantle is on the order of δc = 10
1 to103
104 m (McKenzie, 1984). In the following we divide our discussion into melt-104
infiltration and extraction over regional tectonic scales (much larger than the105
compaction length) and stress-driven melt segregation processes that are rel-106
evant at the grain-scale up to the compaction length. Although this division107
in terms of the compaction length scale is a convenient way to categorize108
the physics of magma migration, we note that interaction between processes109
across these two length scales will play an important role in melt migration110
through the asthenosphere and deeper portions of the lithosphere.111
2.1. Idealized model of spatially-variable melt-infiltration and extraction112
On length scales that are large compared to the compaction length, we ex-113
pect pressure-gradients within the deforming lithosphere-asthenosphere sys-114
tem to drive melt-infiltration into the lithosphere and thus control the dis-115
tribution of magmatic activity at the surface. To first order, the interac-116
tions between melt and a deformable solid matrix may be treated as a cou-117
pled problem involving flow of two interprenetrating fluids (McKenzie, 1984;118
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Spiegelman, 1993, 2003) consisting of a low-viscosity phase such as melt and a119
high viscosity phase representing the matrix. Analytic solutions for the two-120
phase flow problem exist in idealized cases (McKenzie, 1984; Spiegelman,121
1993) and if porosity gradients are nearly zero, relative motion between the122
solid and melt, or the melt extraction rate, is primarily driven by pressure123
gradients124
− µφ
κφ
(v − u) = ∇P − ρfg (1)125
where we explicitly note that permeability may be a function of porosity,126
u is the melt velocity, and v is solid velocity (McKenzie, 1984; Spiegelman,127
1993). Although these assumptions are simplistic, they define a first-order128
approach to understanding how buoyancy-driven flow of melt will interact129
with dynamic pressure gradients within the asthenosphere and lithosphere130
to drive spatially-variable melt extraction rates.131
2.1.1. Melt organization due to variable lithosphere thickness132
We first consider a scenario in which a region of variable-thickness litho-133
sphere (represented by a high-viscosity Newtonian fluid, η = ηl) protrudes134
into and moves relative to an asthenospheric “wind” (of a lower viscosity135
Newtonian fluid, η = ηa). The Couette-style shear between the plate and136
the underlying mantle is modified by flow around the lithospheric protru-137
sion(s) (Figure 2a and b). This flow field may represent, for example, either138
eastward-driven asthenosphere or westward migration of the North Amer-139
ican plate relative to the asthenospheric mantle. The keel-like protrusion140
represents a region of thicker than average lithosphere, such as the Colorado141
Plateau. If the viscosity contrast between the lithosphere and asthenosphere142
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is large (in these calculations ηl/ηa = 10
3−4; Figure 2c), the keel-like protru-143
sion will not deform greatly and the asthenospheric flow produces a “pressure144
shadow” effect within the keel: lower dynamic pressure on the upwind side145
of the keel and higher on the downwind side (Figure 3a). A similar effect is146
produced for 2D models of semicircular and periodic sinusoidal ridges at the147
base of the plate (Figure 3b).148
For simplicity, we ignore processes that generate partial-melt in the lithosphere-149
asthenosphere system, but assume instead that a small, uniform melt-fraction150
is present everywhere within the model domain. In this case, equation (1)151
may be used to determine the melt extraction field: relative motion between152
the melt and the solid is driven by the competition between dynamic pressure153
gradients and buoyancy (right-hand side of equation 1). In the absence of154
dynamic pressure gradients (no deformation in the lithosphere and astheno-155
sphere), the buoyancy term will drive upward motion of melt relative to the156
solid. If horizontal dynamic pressure gradients are sufficiently large, then157
melt motion relative to the solid will be more complicated. The geometry of158
the melt-extraction rate field is illustrated by calculating forward-streamlines159
for tracers that originate at a fixed depth, taken to be below the lithosphere160
protrusion(s) in our calculations (Figure 3). The effects of dynamic pres-161
sure gradients may be seen as the departure of the streamlines from vertical162
(buoyancy-dominated) orientation (Figure 3).163
Asymmetry in the dynamic pressure gradients drive an asymmetry in164
melt-extraction on the upwind and downwind sides of the 3D hemispherical165
keel (Figure 3a) and also in the 2D models of semicircular and periodic ridges166
(Figure 3b). On the upwind side, asthenospheric flow diverges around the167
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protrusions and the upwind sector of the keel or ridge has lower dynamic168
pressure than the downwind sector (Figures 2 & 3). The dynamic pressure169
field thus focusses melt streamlines into the upwind sector of the protrusions170
and pushes them away from the downwind sector of the protrusions, produc-171
ing a pronounced upwind-downwind asymmetry due to asthenospheric flow172
(Figure 3).173
2.1.2. Thermal effects of asthenosphere flow and melt-infiltration174
The models above solve the coupled Navier-Stokes and heat equations for175
a lithospheric region of high viscosity (hemisphere or ridges) that initially176
has a cool linear geotherm and an asthenospheric fluid with fixed, higher177
uniform temperature (1200 ◦C). The flow is accompanied by warming of the178
lithosphere, due to conduction (Roy et al., 2009) and advective heating by179
asthenospheric flow. We assume that the viscosities of the lithosphere and as-180
thenosphere are temperature-dependent (assuming ηl = η0 exp(−E(T −T0)),181
e.g., Zhong et al. (2000); parameters in Table 1) so that as the lithosphere182
warms, it weakens and deforms more easily. The deformation and dynamic183
pressure fields will evolve due to heating (Figure 4) and drive changes in184
the pattern of melt-extraction (Figure 4). At early times during the simu-185
lations the pattern of melt-extraction is asymmetric, with melt drawn into186
the upwind side and pushed out of the downwind side of the protrusions. In-187
terestingly, the surface pattern of asymmetric melt-extraction persists at the188
surface over timescales of 107 years for lithospheric protrusions with linear189
dimensions of 102 km across. At depth, however, warming and viscosity-190
reduction in the lithosphere causes diminishing gradients in dynamic pres-191
sure, so that melt-streamlines become increasingly vertical through time (Fig-192
9
ure 4).193
On the upwind side of the protrusion advective heating by the melt-194
infiltration enhances weakening of the lithosphere. At steady-state, assum-195
ing a constant melt-extraction field, advective heat transport by melt raises196
temperatures above background by around 50 − 100 ◦C (see also Schmel-197
ing and Wallner, 2012). The additional heating would provide an important198
feedback between melt-infiltration and deformation, with melt-infiltration199
reducing plate viscosity by and additional ∼ 40%. The asymmetry in melt-200
extraction will drive an asymmetry in destabilization, namely the upwind201
side of the protruding lithosphere experiences this enhanced viscosity re-202
duction relative to the melt-free downwind sector. We predict, therefore,203
that lithospheric rejuvenation driven by melt-infiltration will be enhanced204
on the upwind sides of lithospheric protrusions. It is important to note that205
a more complete treatment of the problem will require not only this thermal206
feedback between melt-infiltration and plate viscosity, but also important207
feedbacks between melt-segregation and deformation observed in laboratory208
experiments at (and below) compaction length scales.209
2.2. Laboratory observations of melt and rheology at the meso-scale210
In deformation experiments on partially molten rocks, samples with ini-211
tially homogeneous melt distributions undergo a deformation-driven transi-212
tion where melt organizes into networks of connected, anastomosing shear213
zones (e.g., Kohlstedt and Holtzman, 2009). This process, referred to as214
stress-driven segregation (SDS), may provide an important feedback between215
melt distribution, transport, and rheology that controls the geometry and dis-216
tribution of melt. Laboratory experiments suggest that SDS is more likely217
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in higher-strain regions of the mantle, but the degree of strain and the feed-218
backs in an open system (and thus the volume in which the process occurs219
in the mantle) are not yet known. The notion of the compaction length,220
the characteristic length scale of coupling between solid matrix deformation221
and fluid flow, has been useful in predicting behavior in experiments (e.g.,222
Holtzman et al., 2003), and is consistent with the length scale of observed223
organized-melt structures when extrapolated from laboratory conditions to224
mantle and lower crust (e.g., Holtzman and Kohlstedt, 2007). For a region225
with homogeneous melt distribution the compaction length is uniform, but226
as melt organizes and segregates, at length scales smaller than that initial227
compaction length, δc becomes spatially heterogeneous. Because the melt228
organization will produce anisotropic permeability and viscosity structures,229
the effective compaction length would also be anisotropic. While the char-230
acteristic spacing of the largest melt-rich features is predicted to be smaller231
than the compaction length, the linear dimensions of the volume in which232
the process occurs could be much larger than the initial compaction length.233
In experiments starting from a homogeneous melt distribution, a degree234
of strain is required to segregate the melt to a point at which it begins to235
affect the rheological and melt-transport properties. This critical degree of236
strain, γc, shows some sensitivity to stress, and is thus likely to be a function237
of thermodynamic conditions. While previous work focused on the large238
bands that emerge by about a shear strain of γ = ±1 as an indicator of γc239
(Holtzman and Kohlstedt, 2007; Katz et al., 2006), Holtzman et al. (2012)240
demonstrate that the smallest scale bands form at much lower strains but241
cause a clear and immediate reduction of the effective viscosity. In Holtzman242
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and Kohlstedt (2007) it was proposed that the weakening is associated with243
high mobility of melt through a network of connected bands. The melt must244
form connected pathways, even if transiently, in order to reorganize easily245
to concentrate strain on low angle bands. Thus, the effective permeability is246
inferred to increase at the onset of weakening.247
When extrapolating to an open system with thermal and compositional248
gradients, rapid melt transport can produce chemical and thermal disequi-249
librium between melt and host rock (Kohlstedt and Holtzman, 2009). The250
effects of chemical disequilibrium under gravity-driven melt flow has been well251
studied, especially in near-adiabatic conditions (e.g., Daines and Kohlstedt,252
1994; Kelemen et al., 1995). A method for exploring the coupling of SDS253
and chemical disequilibrium has demonstrated a strong coupling between254
the two, resulting in greatly enhanced infiltration (King et al., 2011b). Cal-255
culations in Holtzman et al. (2012), based on a model for permeability and256
its variation with degree of strain, suggest that SDS will enhance both the257
thermal and chemical disequilibrium in the rock volume. The potential feed-258
backs between thermal and chemical interactions and the microstructure of259
the rock (and thus the permeability) are not included in our model. While260
these disequilibrium processes are complex and difficult to predict, especially261
for open systems, we surmise that permeability would generally be enhanced262
in regions of SDS in the mantle.263
To determine if and where the SDS process may occur in the mantle264
requires two approaches. The first is detailed scaling of the physics from265
laboratory- to mantle conditions (e.g., Takei and Hier-Majumder, 2009; King266
et al., 2011a; Butler, 2012). The second approach is to develop predic-267
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tive tests of dynamical consequences and observational signatures, such as268
the seismic velocity structure (e.g., Holtzman and Kendall, 2010; Takei and269
Holtzman, 2009) or electrical conductivity structure (Wannamaker et al.,270
2008). In our discussion below, we follow the second approach by combining271
insights from numerical models of melt extraction and experimental obser-272
vations to hypothesize on the role of melt-infiltration and its consequences273
for the Colorado Plateau and the western US.274
3. Discussion275
The models above, together with experimental observations of the be-276
havior of molten aggregates, suggest that melt-infiltration and stress-driven277
melt segregation must play an important role in the interaction of partial278
melts with the base of the lithosphere. To first-order, the geometry of279
the lithosphere-asthenosphere boundary controls dynamic pressure gradients280
due to deformation, which in turn control the spatial distribution of melt-281
extraction and observed magmatism. Regions with lateral variations in litho-282
sphere thickness will be characterized by complexity in the relative motion283
between the asthenosphere and lithosphere, as explored here for keel- and284
ridge-like lithospheric protrusions. Melt-infiltration preferentially occurs on285
the upwind side of regions of thick lithosphere, resulting in enhanced weaken-286
ing here and asymmetric thermal and chemical modification/rejuvenation of287
the lithosphere. Simultaneously high strain rates and melt-extraction rates in288
deforming parts of the protrusion will likely undergo SDS and form melt-rich,289
anastomosing shear zones, as observed in experiments. Although neither the290
model calculations nor the experimental observations discussed above address291
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the generation of partial-melt in the upper mantle, the Cenozoic evolution of292
the western US is characterized by a number of processes that can generate293
partial melting in the upper mantle beneath North America. We speculate,294
therefore, that SDS and melt-infiltration at the base of the lithosphere may295
profoundly control the distribution of magmatism and intra-plate deforma-296
tion in the western US.297
3.1. Application to the Colorado Plateau298
On a regional scale the spatial pattern of Cenozoic magmatism in the299
western US exhibits a magmatic gap across the Colorado Plateau, with the300
encroachment of the onset of magmatism inward toward the interior of the301
plateau on its NW, SW, and SE margins, with a distinct lack of encroach-302
ment on the NE margin (Roy et al., 2009). We argue that this pattern303
of magmatism may have occurred through a range of processes, both ther-304
mal and chemical, associated with melt-rock interaction at the lithosphere-305
asthenosphere boundary. Our models suggest that, among other factors,306
a protruding region of thicker lithosphere and accompanying regional scale307
dynamic pressure gradients may be responsible for organizing the surface308
distribution of magmatism surrounding and within the Colorado Plateau.309
In the context of specific observations at the Colorado Plateau, the melt-310
infiltration mechanism discussed here provides a unifying framework within311
which a number of disparate observations may be explained.312
3.1.1. Spatio-temporal patterns of magmatism.313
We assume that the middle-Tertiary removal of the Farallon plate sub-314
jected the North America to a basal thermal perturbation (Roy et al., 2009;315
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Humphreys et al., 2003) and that relative motion between North America316
and the underlying asthenosphere has been steady since this time (Silver and317
Holt, 2002). In our models, the relative motion of North America over the318
underlying asthenosphere is the model is ∼ 5 cm/yr, comparable to rates319
inferred from the correlation between GPS-derived surface motions and seis-320
mic anisotropy (Silver and Holt, 2002). Additionally, upwelling flow in the321
asthenosphere in response to the sinking Farallon plate would drive both322
long-wavelength dynamic rock uplift (Moucha et al., 2008; Liu and Gurnis,323
2010) and generate accompanying partial melt in the asthenosphere beneath324
the western US. The voluminous and regionally-extensive middle-Tertiary325
ignimbrite flareup, for example, has been attributed to the removal of the326
Farallon slab and subsequent interaction between asthenospheric and litho-327
spheric partial melts (Humphreys et al., 2003). Thermal expansion due to328
conductive relaxation of isotherms following the removal of the Farallon slab329
is sufficient to explain a large fraction of the rock uplift of the Colorado330
Plateau and the rate of migration of the isotherms is comparable to (though331
slightly slower than) the observed slow rates of magmatic encroachment (3-6332
km/my) onto the plateau (Roy et al., 2009).333
The models presented here refine the findings in Roy et al. (2009), where334
the Colorado Plateau is represented by a region where a deep keel of litho-335
sphere protrudes into the asthenosphere, around which the asthenosphere336
must flow. Our models offer an explanation for the observed asymmetry in337
magmatic encroachment surrounding the Colorado Plateau, which was not338
previously explained in the simpler conductive models of Roy et al. (2009).339
Specifically, we note that in a frame of reference stationary with respect to340
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North America, the asthenosphere below the plate is inferred to move in a341
roughly SW-NE direction (Figure 1). Consistent with our models, the highest342
rates of magmatic encroachment onto the plateau (∼ 6 km/my) are observed343
in the upwind sector of the plateau (its SW quadrant), whereas magmatic344
encroachment occurs at a slower rate on the NW and SE quadrants (Roy345
et al., 2009). In contrast, the downwind sector (its NE quadrant, adjacent to346
the San Juan volcanic field and northern Rio Grande rift) shows a distinct347
lack of magmatic encroachment (Roy et al., 2009).348
In our models, the expected rate at which the zone of melt focusing349
migrates into the upwind side of the protruding lithosphere is a function of350
time, ranging from values as high as 6 km/my to slower rates ∼ 2−3 km/my351
(Figure 5). These rates of migration of the magmatic zone are comparable352
to observed magmatic encroachment rates estimated by Roy et al. (2009)353
at the SW (6.3 km/my), NW (4.0 km/my) and SE (3.3 km/my) from ages354
of volcanic rocks. The predicted migration rates in our models are slightly355
higher than those predicted by conductive models alone (Roy et al., 2009),356
as they are enhanced by advective heating due to asthenosphere flow.357
In contrast, at the downwind sector (the NE quadrant) the distinct lack of358
magmatic encroachment (Roy et al., 2009) is consistent with higher dynamic359
pressures and therefore melt exclusion from this part of the plateau (Figure360
5). Alternatively, the lack of magmatic encroachment on the NE margin361
of the Colorado Plateau may be due to the lower-magnitude of extension362
in the northern Rio Grande rift (Chapin and Cather, 1994) which results363
in smaller contrast in lithosphere thickness across the plateau margin. Our364
models predict a long-lived pattern of melt-exclusion from the downwind365
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sector of the plateau and protracted magmatism immediately outside the366
margin of the plateau (Figures 4 & 5). These predictions are consistent with367
the voluminous and long-lived magmatic centers of the middle-Tertiary to368
Neogene San Juan Volcanic Field (Lipman and Glazner, 1991) located NE of369
the plateau, outside its physiographic boundary. The northern margin of the370
plateau (adjacent to the Archean Wyoming Province) lacks magmatism and371
the relatively high upper mantle seismic wave speeds of the plateau interior372
continue into the Wyoming Province to the north. The transition into the373
Wyoming Province is therefore consistent with a more uniform lithosphere374
thickness.375
3.1.2. Properties of the Colorado Plateau lithosphere.376
Central to the idea of middle-Tertiary to Present melt-infiltration and377
magma migration into the margins of the Colorado Plateau is the excess378
thickness of the lithosphere beneath the Colorado Plateau relative to its sur-379
roundings. In the models explored here, asthenospheric flow around protrud-380
ing regions of thicker lithosphere sets up the key dynamic pressure gradients381
that are responsible for organizing melt-migration. Evidence for thicker litho-382
sphere beneath the Colorado Plateau relative to its surroundings is provided383
by a range of seismic observations (Schmandt and Humphreys, 2010; Lin and384
Ritzwoller, 2011; Sine et al., 2008; West et al., 2004; Levander and Miller,385
2012) and by xenolith data (Smith, 2000; Lee et al., 2001).386
The magmatic infiltration process described here is further supported387
by the distinct geologic and geophysical contrast between the margins and388
the interior of the Colorado Plateau. The asthenosphere beneath the Rio389
Grande rift and the Basin and Range exhibit extremely low shear velocities390
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(e.g., West et al., 2004; Yang et al., 2008; Rau and Forsyth, 2011), suggestive391
of ubiquitous partial melt surrounding the plateau. Detailed seismic imaging392
clearly demonstrates that these low relative velocities extend significantly un-393
der the margins of the plateau, well inside the outer plateau’s physiographic394
boundary (Schmandt and Humphreys, 2010; Sine et al., 2008). In contrast,395
the interior of the plateau is seismically faster, with lower Vp/Vs ratios, than396
its margins (Schmandt and Humphreys, 2010; Humphreys and Dueker, 1994;397
Goes and van der Lee, 2002; Gao et al., 2004; Sine et al., 2008; Li et al., 2007).398
The plateau margins are also characterized by higher average surface heat-399
flow (Eggleston and Reiter, 1984; Swanberg and Morgan, 1985) and enhanced400
electrical conductivity in the upper mantle (Wannamaker et al., 2008). The401
spatial correlation between the regions of magmatism at the plateau margins402
and the observed geophysical structure (Figure 1), strongly suggests that the403
margins of the plateau have been modified by melt-infiltration and migration404
via processes akin to those explored in our models.405
Within the higher-velocity plateau interior, recent studies image a local-406
ized region of fast seismic velocities to a depth of over 200 km adjacent to407
the Utah Transition Zone (Schmandt and Humphreys, 2010; Sine et al., 2008;408
Levander et al., 2011), interpreted as a region of lithospheric delamination409
or a “drip” at the base of the plate (Levander et al., 2011). There are uncer-410
tainties with this interpretation, in particular with respect to the apparent411
lithosphere-asthenosphere boundary imaged near 150 km depth continuously412
across the drip region (Levander and Miller, 2012). However, given that413
delamination is a plausible explanation for the deep feature, we note that414
the melt-infiltration process may promote lithospheric destabilization and415
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downwelling. In particular, the feedback mechanisms between melt segrega-416
tion, viscosity reduction, and deformation described in section 2.2 provides417
a natural and self-consistent source for the localized weakening that is re-418
quired to drive delamination in the absence of lithospheric thickening. In419
this scenario, melt infiltration, migration, and associated magmatism drive420
the delamination process, rather than vice-versa.421
The contrast between the plateau interior and its margins is also evi-422
dent in the petrology of mantle xenoliths from the Colorado Plateau region.423
Xenolith populations show a predominance of pyroxenite lithologies at the424
plateau margins relative to the interior (Roy et al., 2005), with evidence for425
melt-related metasomatic alteration of lherzolite into pyroxenite via interac-426
tion with fluids of silicate and carbonatite composition (Porreca and Selver-427
stone, 2006). These observations raise the possibility that the seismically-428
and petrologically-distinct margins of the Colorado Plateau are modified by429
the infiltration of melts, through a combination of thermal effects (as explored430
in our models) and also chemical changes, leading to a thermo-chemical cor-431
rosion of the lithosphere.432
3.1.3. Relationship between magmatism and strain rate.433
The melt-related lithospheric rejuvenation process proposed here involves434
in situ modification of the margins of the region of thick lithosphere and, to435
the extent that it is controlled by the shape of the base of North America, it436
must also depend on the history of extension surrounding the plateau (Figure437
6a). Although in our models the lithosphere is not undergoing concurrent438
extension and warming, we note intriguing relationships between the pattern439
of magmatic encroachment and present-day strain-rates.440
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In particular, if melt-segregation and extraction is a strong function of441
the SDS feedback between matrix viscosity, permeability, and strain-rate (see442
2.2), then we would expect that melt-segregation into planar bands and melt-443
migration and extraction along melt bands will be most efficient in regions of444
highest strain rate (Figure 6b, c, &d). The present-day strain rate field across445
the Colorado Plateau is characterized by limited extension at the plateau446
margins, with the exception of the NW margin at the Utah Transition Zone447
between the plateau and the Great Basin (Kreemer et al., 2010; Berglund448
et al., 2012). Current strain-rates are highest at this margin and are spatially449
correlated with seismicity and magmatism. We would expect that SDS would450
most efficiently segregate melt along the NW margin, allowing channelized451
melt-transport. This focusing effectively reduces the percolative corrosion at452
greater depths predicted in the models, by enhancing the transport upwards453
along the LAB (Figure 6c), focusing and enhancing thermochemical corrosion454
at shallower depths because of the increased degree of thermal and chemical455
disequilibrium between the melt and the lithospheric mantle. This effect456
may explain the dramatic gradients in seismic velocity observed at the NW457
margin of the plateau (Schmandt and Humphreys, 2010), and the reduced458
magmatic encroachment in this quadrant compared to the SW (upwind)459
margin (4.0 km/my as opposed to 6.3 km/my (Roy et al., 2009)). Magneto-460
telluric measurements of the polarization anisotropy of electrical resistivity461
within the Utah Transition Zone are consistent with the presence of N-S462
oriented partial melt lenses, parallel to the plateau margin (Wannamaker463
et al., 2008), further supporting the role of SDS in this region.464
The broad range of observations discussed above, including the patterns465
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of magmatism, heatflow, seismic and electrical structure, and xenolith data,466
suggest that the margins and likely the base of the thicker Colorado Plateau467
lithosphere has undergone variable thermo-chemical modification, driven by468
melt-infiltration. The distribution and rates of melt-infiltration are likely469
modulated by gradients in lithospheric thickness and strain-rates at the470
lithosphere-asthenosphere boundary. In the following we consider the im-471
plications of this process within the broader context of the western US and472
suggest that the thermo-chemical corrosion mechanism proposed here may473
be regionally significant.474
3.2. Application to the Cenozoic evolution of the western US and beyond.475
Following removal of the Farallon slab and the subsequent introduction476
of fresh asthenosphere material beneath the western US (Humphreys et al.,477
2003), we speculate that melt-related rejuvenation may have occurred on478
a regional scale at the margins and at the base of regions of thicker litho-479
sphere. Introduction of hot asthenosphere (e.g., “sub-EPR asthenosphere”480
in Figure 6a) triggers a spatially-variable melt-infiltration and rejuvenation481
of the North American plate. Specifically, the melt-infiltration and thermo-482
chemical modification inferred for the margins of the Colorado Plateau may483
have also affected the previously thick lithosphere of the now-extended Basin484
and Range Province and may have variably affected the thicker Wyoming485
craton to the north. Evidence that interaction with a LILE-rich melt or486
fluid resulted in re-enrichment of incompatible trace elements in the lower487
lithosphere and within the Great Falls Tectonic Zone at the margin of the488
Wyoming craton (Carlson et al., 2004) suggests that metasomatism may play489
a key role in the evolution of this region.490
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In this view, the continuous region of present-day higher seismic wavespeeds491
encompassing both the interior of the Colorado Plateau and Wyoming Province492
(e.g., Tian et al., 2009; Schmandt and Humphreys, 2010; Levander et al.,493
2011; West et al., 2004; Lin and Ritzwoller, 2011; Xue and Allen, 2010; Wag-494
ner et al., 2010; Sigoch, 2011), represents thicker portions of the lithosphere495
that has been only partially affected by melt-infiltration (Figure 6c). In496
contrast, the thinner, seismically slow lithosphere of the Basin and Range497
province may have been more completely rejuvenated and destabilized by498
melt-infiltration. The importance of partial melt within the seismically slow499
Basin and Range province is underscored by low shear wave speeds (Rau500
and Forsyth, 2011) and by higher Vp/Vs ratios (Schmandt and Humphreys,501
2010).502
Thinking beyond the western US, we note that recent work in several503
localities, including the Ordos block of the North China craton (Menzies504
et al., 2007; Kusky et al., 2007), the eastern part of the Sino-Korean craton505
(O’Reilly et al., 2001), and the Tanzania craton (Wo¨lbern et al., 2012) has506
suggested that within tectonically stable plate interiors, melt-infiltration and507
its effects can lead to rejuvenation and destabilization. These studies infer508
that melt-infiltration and its thermo-chemical consequences can transform509
previously stable, cratonic provinces into tectonized, orogenic zones. In the510
North China craton, for example, interaction of the lithosphere with infiltrat-511
ing melts is inferred to play a key role in the evolution of the eastern part of512
the craton from a region with a cool geotherm and a thick, highly magnesian513
keel into a tectonized zone characterized by present-day low upper-mantle514
seismic velocities and thin lithosphere (Menzies et al., 2007). In Tanzania, a515
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mid-lithosphere discontinuity imaged by S-wave receiver functions forms the516
upper boundary of a zone of reduced shear wave speeds in the lower litho-517
sphere (Wo¨lbern et al., 2012). In this study, the lower lithosphere is inferred518
to have been modified by melt-infiltration and accompanying alteration of519
mineral assemblages (Wo¨lbern et al., 2012), in a process akin to that inferred520
for the Wyoming Province (Carlson et al., 2004). We speculate, therefore,521
that melt-infiltration and thermo-chemical alteration may play an impor-522
tant role in the general evolution of continental interiors, particularly at the523
margins of thicker cratonic lithosphere.524
4. Conclusions525
The well-studied Colorado Plateau region provides a unique laboratory for526
investigating processes by which stable continental interiors may be destabi-527
lized, namely, thermal and chemical modification during infiltration of melts528
or metasomatic fluids into the lithosphere. To first-order, the geometry of529
the lithosphere-asthenosphere boundary controls dynamic pressure gradients530
due to deformation, which in turn control the spatial distribution of melt-531
extraction and the observed distribution of magmatism. For a region of532
thicker lithosphere that protrudes into the “mantle wind”, such as the Col-533
orado Plateau, the dynamic pressures are lowest on the upwind side and534
highest on the downwind side. In this scenario, the highest rates of melt-535
infiltration and magmatic encroachment occur in the upwind sector of the536
plateau (its SW quadrant), whereas magmatic encroachment occurs at a537
slower rate on the NW and SE quadrants. In contrast, the downwind sec-538
tor (NE margin, adjacent to the San Juan volcanic field and northern Rio539
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Grande rift) shows a distinct lack of magmatic encroachment, consistent with540
our melt-extraction models. The melt-infiltration and rejuvenation process541
explored here provides a unifying framework for explaining both the observed542
asymmetry in magmatic patterns and also the observed geophysical contrasts543
between the plateau interior and its margins. Stress-driven melt segregation544
may play an important role in enhanced melt transport at the highest strain-545
rate NW margin of the plateau. In the Utah Transition Zone for example,546
sharp lateral seismic velocity and electrical conductivity gradients in the up-547
per mantle may be due to the presence of segregated melt in oriented planar548
bands.549
We speculate that destabilization and rejuvenation of the lithosphere by550
melt-infiltration may have played a regionally important role in the Ceno-551
zoic evolution of the western US. For example, geochemical observations in552
the Wyoming Province suggest that the lower lithosphere in the region may553
have been partially modified by interaction with melts and metasomatic flu-554
ids. The seismically-fast interior of the Colorado Plateau and the adjacent555
Wyoming craton to the north may be portions of thicker North American556
lithosphere that have been less affected by melt-infiltration. In contrast, the557
margins of the Colorado Plateau and the thinned lithosphere of the Great558
Basin represent rejuvenated portions of the plate, both thermally and chemi-559
cally modified by interaction with melts. Feedback between melt segregation,560
viscosity reduction, and deformation provides a natural and self-consistent561
means of weakening the lithosphere in the western US and may have hastened562
its thinning by a combination of extension and convective removal. Melt-563
infiltration and accompanying rejuvenation may have played an important564
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role in the evolution of other continental interiors, such as the Sino-Korean,565
North China and Tanzania cratons, suggesting its general importance for the566
of continents.567
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Figure 1: A composite image of the Colorado Plateau region (thick black line marks
the physiographic boundary of the plateau) with published Vp/Vs ratios (color image) at
90 km depth, modified from Schmandt and Humphreys (2010). Large red circles indicate
Cenozoic volcanic rocks in the NAVDAT database and small black dots indicate seismicity.
Greater seismicity and magmatism at the margins of the plateau coincides with regions of
higher Vp/Vs ratio relative to the interior. Large arrow indicates the direction of motion
of the underlying asthenosphere in a reference frame stationary with respect to North
America inferred from a combination of kinematic data and seismic anisotropy (Silver and
Holt, 2002).
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Figure 2: A. Cartoon of model showing a hemispherical region of thick, high-viscosity
lithosphere protruding into lower-viscosity asthenosphere that flows from left to right. B.
Kinematic boundary conditions at the base of the model drive flow in the asthenosphere
around the high-viscosity protrusion, represented as a red hemispherical volume. The
model domain is 1200 km by 1200 km by 1000 km (depth), with the hemisphere radius=300
km in this calculation. The bottom boundary is driven from left to right at ∼ 10−9 m/s
(red arrows) while the top boundary is held fixed. The steady-state flow field is shown for
a slice through the center of the model, with velocity vectors color-coded by magnitude
in m/s. C. Initial viscosity (Pa s) and temperature (K) structures in 2D models for a
semicircular lithospheric protrusion (top) and for periodic ridges at the base of the plate
(bottom).
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Figure 3: A. Melt extraction streamlines calculated from the flow field in Figure 2B, colored
red when the line is outside the hemispherical keel and blue when it is within the keel. The
pattern of melt-extraction illustrates primarily upward flow, dominated by buoyancy of the
melt, but with significant lateral diversions due to dynamic pressure gradients (illustrated
in the inset) that drive melt into the keel on the “upwind” side and suck melt away from the
keel on its “downwind” side. B. Melt extraction streamlines calculated for the semicircle
and periodic ridges in Figure 2C, showing the persistent asymmetry in dynamic pressures
(in Pa) with calculated melt streamlines superimposed in white.
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Figure 4: A. Temporal evolution of the temperature (A, in K) and dynamic pressure (B,
in Pa) fields and accompanying changes in melt extraction through time. Results are
shown for semicircular protrusions (top panels) and periodic ridges (bottom panels). The
effects of temperature dependent viscosity and a combination of advective and conductive
heating may be seen for tens of millions of years, leading to a persistent upwind-downwind
asymmetry in both dynamic pressures and in melt extraction.
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Figure 5: Plot of normalized streamline density at the surface (a measure of melt-focusing
defined as the number of streamlines per km at the surface, normalized by the value at
depth below the keel) as a function of time for the semicircular protrusion model shown in
Figure 4B. The vertical dashed lines indicate the edges (at 300 and 700 km) and the center
(at 500 km) of the semi-circular protrusion. This calculation shows the inward migration
of the zone of melt-focusing on the upwind side of the protrusion (indicated by grey double
arrows) toward the center of the protrusion. On the downwind side, there is a persistent
exclusion of melt streamlines (and lack of migration).
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Figure 6: (a) Cartoon illustrating the geodynamic context for the Colorado Plateau
within the western US. Cenozoic evolution of the western US is characterized by re-
moval and fragmentation of the Farallon slab, followed by possible replacement of the
sub-lithospheric mantle by warm, sub-EPR asthenosphere (e.g., Moucha et al., 2008);
WC=Wyoming craton; CP=Colorado Plateau; SAF=San Andreas Fault; B&R=Basin
and Range; IA=Isabella Anomaly, a possible remnant of the Farallon slab (Wang et al.).
(b) The keel of the Colorado Plateau viewed from below, looking roughly NE (GC=The
Grand Canyon; RGR=Rio Grande Rift). The keel may have significantly different char-
acter on the LAB at the NW margin as compared to other margins, as shown in (c) and
(d). (c) We hypothesize the presence of stress-driven melt segregation (SDS) along a steep
LAB at the high strain-rate NW margin, characterized by sharp lateral contrasts in seismic
wave speed and electrical conductivity. (d) At lower strain-rate margins, such as the SW
margin, we hypothesize more diffuse zones of modification/corrosion; the absence of large
degrees of SDS corresponds to the behavior modeled in this paper, with melt migrating
dominantly upward but modified by dynamic pressure gradients in the keel.
Symbol Variable Values used
φ porosity < 1% (low porosity limit)
κ solid permeability 10−15 to 10−12 m2
ρf melt density 2800 kg/m
3
ρs solid density 3300 kg/m
3
u melt velocity calculated in Eqn. 1
v solid velocity 0 to 1.69 m/s
η, ηl ηa solid shear viscosity 10
18 to 1025 Pa s
ζ solid bulk viscosity 0; no compaction in melt-streamline calculations
µ melt viscosity 1 Pa s
P fluid pressure hydrostatic pressures up to 4× 1010Pa
g acceleration due to gravity 9.82 m/s2
η0 reference viscosity 10
22 Pa s
E activation parameter E/R(∆T )2 5.4× 10−3 /K
Table 1: Physical parameters in models
